Background: Epithelial-mesenchymal transition (EMT) is an important program in tumor metastasis. Results: SMAR1 inhibits EMT by up-regulating E-cadherin in a dual manner via repression of Slug transcription and inhibition of E-cadherin degradation. Conclusion: SMAR1 functions as a critical protein in regulating EMT. Significance: This study provides a potential mechanism for the contribution of SMAR1 in inhibiting breast cancer metastasis.
(1). Although metastasis is an intricate process involving multiple growth factors and genetic events, increased migratory and invasive capabilities are critical to the initiation of the metastatic process. To metastasize, cancer cells must break many major fundamental rules of normal cellular behavior (2) . Epithelial cells, which line body surfaces and cavities, are tightly zipped together and largely immobile. However, these cells, by long-lasting morphological and molecular changes get transdifferentiated toward a mesenchymal type by a process commonly known as epithelial to mesenchymal transition (EMT) 2 (3, 4) . Although essential for embryonic development, EMT is nevertheless potentially destructive if deregulated. Inappropriate utilization of EMT mechanisms is thus an integral component of the progression of many tumors of epithelial tissues.
An important hallmark of EMT is the loss of expression of the cell to cell adhesion molecule, E-cadherin. E-cadherin is a central component of cell-cell adhesion junctions and is required for the formation of epithelia in the embryo and to maintain epithelial homeostasis in the adult. Loss of E-cadherin is consistently observed at sites of EMT during development and cancer. This loss has been found to increase tumor cell invasiveness in vitro and contributes to the transition of adenoma to carcinoma in animal models (5) . E-cadherin is thus a suppressor of invasion and metastasis and its down-regulation provokes the development of malignant epithelial cancers (6 -8) . Several developmentally important genes that induce EMT have been shown to act as E-cadherin repressors. Slug (also known as SNAI2), a member of the Snail family of transcriptional repressors, is capable of repressing E-cadherin expression and thereby triggering EMT (9 -11) , suggesting that it may act as an invasion promoter. It has been acknowledged that both SNAIL and its family member SLUG are capable of repressing E-cadherin in epithelial cells via the E-box elements in the proximal E-cadherin promoter (11) . However, SLUG expression has been shown to have a much stronger correlation with loss of E-cadherin in breast cancer cell lines rather than SNAIL expression (11) , suggesting SLUG to be a likely in vivo repressor of E-cadherin expression in breast carcinoma.
Furthermore, in primary tumor cells from breast cancer patients, it was found that an inverse co-relationship also exists between E-cadherin and MDM2 (12) . MDM2 is a RING fingercontaining E3 enzyme involved in eukaryotic protein degradation via the ubiquitin proteasome system. Overexpression of the human homologue of MDM2, referred to as HDM2, occurs in diverse human malignancies (13, 14) . Thus, MDM2 expression appears to correlate with an increased risk of distant metastases, which may contribute to an overall poorer prognosis for patients with tumors that overexpress MDM2 (15) . E-cadherin acts as a substrate to MDM2 which binds to E-cadherin and degrades it by ubiquitination (12) . Thus MDM2 plays a critical role in modulating cell-cell adhesions by a mechanism that involves the down-regulation of E-cadherin via an early endosomal pathway.
Since SMAR1 (Scaffold/Matrix attachment region-binding protein 1) has been documented to play key role in tumor regression (16) and interact with the tumor suppressor p53 and MDM2 independently, the motto of the present study is to investigate the possible role of SMAR1 in regulating the metastatic potential of different breast cancer cell lines and its correlation with the EMT marker, E-cadherin (17) . Matrix attachment region (MAR)-binding proteins organize chromatin in loop domain structure thereby partitioning chromatin from actively transcribing regions to poorly transcribing regions (18, 19) . This is brought about by their interactions with a plethora of chromatin-modifying proteins that dictate signature histone patterns governing gene transcription. It has been acknowledged that SMAR1 (Scaffold/Matrix attachment region-binding protein 1) is a tumor suppressor MAR-binding protein that down-regulates Cyclin D1 expression by recruiting HDAC1-mSin3A co-repressor complex at Cyclin D1 promoter locus (20) . Moreover, SMAR1-derived p44 peptide has been shown to actively inhibit tumor growth in vivo. Further, a significant down-regulation of SMAR1 in higher grades of breast cancer and cancer derived cell lines like MCF-7, HBL-100, ZR 75.3, and ZR 75.1 have also been observed (21) . However, although the role of SMAR1 in reducing tumorogenic potential has been documented, its involvement in regulating EMT and metastasis in human cancer cell lines is yet to be elucidated.
This study elaborates on the dual role of nuclear matrix associated protein, SMAR1, in up-regulating E-cadherin that inhibits EMT. In gist, SMAR1 regulates E-cadherin level in cancer cells by two mechanisms: (i) directly, by blocking the degradation of the E-cadherin protein by rescuing it from the clutch of MDM2, and (ii) indirectly, by repressing the expression of Slug, a known negative regulator of E-cadherin gene expression, thereby diminishing the metastatic potential of cancer cells. We, therefore, establish SMAR1 as a novel negative regulator of epithelial-mesenchymal transition thereby signifying that therapies designed to globally maneuver SMAR1 can be promising for deterring cancer metastasis.
EXPERIMENTAL PROCEDURES
Cell Lines and Cell Culture-The human mammary carcinoma cell lines (MCF-7, HBL-100, MDAMB-231, MDAMB-468) were obtained from NCCS, Pune. The cells and also SMAR1 stable MCF-7, HBL-100, MDAMB-231, MDAMB-468 B16F1 cells were routinely maintained in complete Dulbecco's modified Eagle's medium or RPMI 1640 mediumcontaining 10% fetal bovine serum, 100 unit/ml penicillin, and 100 g/ml streptomycin (Invitrogen) at 37°C in a humidified incubator containing 5%CO 2 . Cells were allowed to reach confluence before use. Viable cell numbers were determined by Trypan blue exclusion test.
Treatment of Cells-Transfected as well as untransfected cells were grown in the cell culture plates and maintained in complete Dulbecco's modified Eagle's medium. After 24 h, cells were treated with MG132 (10 M) for 4 h, after which the cells were collected for lysis and protein extraction to perform immunoprecipitation followed by immune-blotting. For induction of EMT by EGF, cells were treated with 50 ng/ml EGF for required duration as mentioned in the figure legends. After treatment, cells were used for phase contrast imaging or for immunoblotting.
Wound Healing Assay-Cell migration was determined by means of unidirectional wound healing assay. Briefly, cells were grown to confluency in 12-well plates after which a sterile blade was used to scratch the monolayer of cells to form a unidirectional wound. Migration was quantitated by a semi-automated, computer-assisted procedure by a person blinded with respect to the experimental treatment. The data from triplicate wells were calculated as the means Ϯ S.E., the migration rate of control cells was taken as 100% and healing rate of other plates were compared with control cells. Distance migrated was calculated by ImageJ software where the average distance migrated by motile cells from each field was calculated and represented as percentage of distance migration. For the same, the data from triplicate wells was calculated as the means Ϯ S.E. and the average distance migrated by MCF-7 cells after 24 h of creating the wound was taken as 100%.
Cycloheximide Assay-Cells were grown in cell culture plates and maintained in complete Dulbecco's modified Eagle's medium or RPMI 1640 medium containing 10% fetal bovine serum, 100 unit/ml penicillin, and 100 g/ml streptomycin (Invitrogen) at 37°C in a humidified incubator containing 5% CO 2 . After 24 h of incubation 50 g/ml of cycloheximide (Sigma) was added to the medium and the decay in the steadystate level of a target protein was monitored by immunoblotting at indicated time points.
Western Blotting and Co-immunoprecipitation-For whole cell lysates, cells were homogenized in buffer (20 mM Hepes, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM Na-EDTA, 1 mM Na-EGTA, and 1 mM DTT). All buffers were supplemented with protease and phosphatase inhibitor mixtures (15, 16) . Protein concentrations were estimated using micro Lowry method. An equal amount of protein was loaded for immunoblotting. For direct Western blot analysis, the cell lysates or the particular fractions were separated by SDS-PAGE, transferred to polyvinylidene difluoride membrane (Millipore), probed with specific antibodies like, anti-SMAR1, MDM2, E-cadherin, vimentin, Slug, cytokeratin 18, EGFR1, TGF␤R1, p-Tyr, and p-Ser antibodies, purchased from Santa Cruz Biotechnologies, and visualized by chemiluminescence. For the determination of direct interaction between E-cadherin and MDM2 or SMAR1 and MDM2, E-cadherin and SMAR1 immunocomplexes from whole cell lysate were purified using E-cadherin and SMAR1 antibody, respectively and protein A-Sepharose beads (Sigma). The immunopurified proteins were immunoblotted with MDM2 antibody. The protein of interest was visualized by chemi-luminescence. Equivalent protein loading was verified using anti-␣-actin antibodies (Santa Cruz Biotechnology), respectively.
Fluorescence Imaging-For the identification of subcellular localization of E-cadherin under different conditions, the MCF-7 and MDAMB-231 cells were fixed with 4% p-formaldehyde and permeabilized with Triton X-100. Cells were then stained with anti-E-cadherin antibody followed by FITC-conjugated secondary antibody and visualized with confocal microscope (Carl Zeis, Jena, Germany).
RT-PCR Assay-2 g of the total RNA, extracted from cells with TRIzol reagent (Invitrogen) was reverse transcribed and then subjected to PCR with enzymes and reagents of the RTplusPCR system (Eppendorf, Hamburg, Germany) using GeneAmpPCR 2720 (Applied Biosystems). The cDNAs were amplified with primer-specific SMAR1: For: AGACAAACAC-CACGAGAAT, Rev: CGGAGTTCAGGGTGATGAGTGT-GAC; E-cadherin: For: CACCTGGAGAGAGGCCATGT, Rev: TGGGAAACATGAGCAGCTCT; Slug: For: CTCACCTCG-GGAGCATACAG, Rev: GACTTACACGCCCCAAGGATG; GAPDH: For: CGTATTGGGCGCCTGGTCAC, Rev: ATGA-TGACCCTTTTGGCTCC; HDAC1: For: ACCGGGCAACG-TTACGAAT, Rev-CTATCAAAGGA-CACGCCAAGTG.
Plasmid Construct, siRNA, and Transfection-SMAR1 expression plasmid pBK-CMVSMAR1 were used for overexpression studies. The SMAR1 cDNA clones were introduced separately in all the cell lines using Lipofectamine 2000 (Invitrogen). Stably expressing clones were isolated by limiting dilution and selection with G418 sulfate (Cellgro) at a concentration of 400 g/ml and cells surviving this treatment were cloned and screened by Western blot analysis with specific antibodies. MCF-7 cells were transfected separately with 300 pmol of SMAR1 shRNA and MDM2/Slug siRNA (Santa Cruz Biotechnology) using Lipofectamine. The levels of respective proteins were estimated by Western blotting.
Adenovirus and Lentivirus-SMAR1 adenovirus was used as described in Sinha et al. (40) . For SMAR1 lentivirus, HEK 293T cells were co-transfected with pSPAX, pMD2.G and SMAR1 ShRNA in pGIPZ (Clone ID: V2LHS_174233; V3LHS_374011; V3LHS_374008; RHS4346 for non-silencing) (Open 23Biosystems). Indicated cell lines were transduced with a 1:1 mix of viral supernatant and growth media. Stable cell lines were selected with 1.5 g/ml of puromycin (Sigma).
Flow Cytometry-For the determination of E-cadherin expression on cell surface, cells were labeled with E-cadherin primary antibody and then labeled for FITC tagged secondary antibody (Santa Cruz Biotechnology) and analyzed on flow cytometer for FITC fluorescence (BD Biosciences). Electronic compensation of the instrument was done to exclude overlapping of the emission spectra. Total 10,000 events were acquired for analysis using CellQuest software (BD Biosciences).
Slug Promoter Cloning-The 600-bp fragment of Slug gene promoter was PCR-amplified by specific primers designed according to the infusion cloning kit (Clontech) and ligated to the pMetLuc2-Reporter vector, (Clontech) using BamH1 and HindIII sites following the manufacturer's instructions of Infusion Cloning kit (Clontech).
Luciferase Reporter Assay-MCF-7 and MDAMB-2431 cells were transiently transfected with 1 g of pMetLuc2-Slug (600bp) constructs along with 0.5 g of pMetLuc-Control vector for internal controls. 50 l of culture medium from each sample were collected 24 h post-transfection, onto 96-well plate, substrate added and plate transferred to luminometer. Luciferase counts were measured using a TopCount luminometer (PerkinElmer Life Sciences). Transfection efficiency was normalized to GFP counts measured using a Fluoroskan Ascent Luminometer (Lab Systems). All assays were done in triplicates.
Chromatin Immunoprecipitation Assay-Chromatin Immunoprecipitation (CHIP) assay was performed using CHIP assay kit (Millipore) following manufacturer's instructions. Isolated chromatin was precipitated with SMAR1/HDAC antibodies. Input DNA, rabbit IgG-pulled DNA served as controls for all the experiments. Immunoprecipitated DNA was then subjected to 40 cycles of PCR using primers for respective promoter regions as mentioned in the figures. Glyceraldehyde-3phosphate dehydrogenase promoter was used as a nonspecific control for all the CHIP experiment. The primers used for SMAR1 are For: CTGGTTCAAAATGGGCTG, Rev: CCTCT-CA-GCTGTGATTGGATC; for GAPDH are For: CGTATTG-GGCGCCTGGTCAC, Rev: ATGATGACCCTTTTGGCTCC; for HDAC1 are For: ACCGGGCAACGTTACGAAT, Rev: CTATCAAAGGACACGCCAAGTG. Sequences of other primers that are used for detection of different SMAR1 binding site at Slug promoter are Set 1 (Ϫ623 to Ϫ479) For: CCGTGTTA-GCTATGGTGGC, Rev: GCCAGAGTCCCAGGAGAGCG, Set 2(Ϫ529 to Ϫ428) For: GCGGGACTGCAGCCTTGCG, Rev: GCAAGGCAAACCTCTCCAG, Set 3 (Ϫ456 to Ϫ302); For: GGTTTGCCTTGCACAAAGACC, Rev: GCACCACAT-CTGGAAGCC; Set 4(Ϫ350 to Ϫ218) For: GCGGGGACACA-GTGTCCGCC, Rev: CGGGGCTCACCGAGCGAG; Set 5 (Ϫ261 TO Ϫ159) For: CGATCCACGCTCTCTGGGAGC, Rev: CAGCCCATTTTGAACCAG; Set 6(Ϫ159 to Ϫ50) For: CTGGTTCAAAATGGGCTG, Rev: CCTCTCAGCTGTGAT-TGGATC; Set 7(Ϫ80 to 37) For: CAGCTCCTCCCTCTGG-GAC, Rev: GACTTCAGAGGCGCCGGC; Set 8 (23 TO 138) For: GTCACCCGGCTCCTTTACG, Rev: CGGACCGTTAT-CCGCGCCG; Set 9(112 TO 242) For: GACACGGCGGTCCC-TACAGC, Rev: GCGAACTGGACACACATACAG.
Treatment of Animals-All experiments were performed strictly adhering to the ethical guidelines of the institute. MCF-7 luciferase cells were transduced with non-silencing lentivirus and SMAR1-shRNA lentivirus. Subsequent to transduc-tion, cells were subjected to selection with puromycin (1 g/l). After 72 h of selection, cells were cultured under a selection pressure of 0.5 g/l. 1 ϫ 10 6 stable MCF-7-Luc cells and MCF-7-Luc SMAR1-shRNA were introduced into SCID mice via tail vein.
Bioluminescence Imaging with IVIS-For detection of metastasis, SCID mice were anesthetized using combination of Xylazine (10 mg/kg) and Ketamine (100 -200 mg/kg) and were subsequently injected intraperitoneally with 100 l of 3 mg/ml of D-luciferin (Xenogen). Images were captured with a CCD camera (IVIS, Xenogen) using IVS Spectrum with an exposure time of 1 min and analyzed.
Statistical Analyses-Values are shown as S.E. Data were analyzed, and when appropriate, significance of the differences between mean values was determined by a Student's t test. Results were considered significant at p Ͻ 0.05.
RESULTS

Altered Migratory Potentials of Different Breast Cancer Cell
Lines Are Associated with SMAR1 Expression-As SMAR1 has been reported to play an important role in cell migration (21), we first monitored SMAR1 expression status in a battery of human breast cancer cell lines. Our results of Fig. 1A clearly indicate higher expression levels of SMAR1 in MCF-7 and HBL-100 cells than MDAMB-231 and MDAMB-468 cells. Next, these human mammary cancer cell lines with different SMAR1 status were screened for their metastatic potential using unidirectional wound-healing assay and further reconfirmed by transwell cell-migration assay. The possibility of cell proliferation was out-ruled using 10 g/ml dose of mitomycin C. Results of both these assays illustrated that MDAMB-231 and MDAMB-468 cells with comparatively lower expression The percentage of migration for control MCF-7 cells has been denoted as 100% and the comparison with the other cell lines have been made accordingly. C, graphical representation of the average distance migrated by MCF-7, HBL-100, MDAMB-231, MDAMB-468 cells as determined by ImageJ software from wound healing assay. Columns show average distance migrated by 100 motile cells per 23-m field from three independent experiments. The value for MCF-7 was considered as 100%. D, comparative analysis between the fold changes in SMAR1 expression and percentage of cell migration in MCF-7, HBL-100, MDAMB-231, and MDAMB-468 cells. E, control/SMAR1 cDNA-transfected MCF-7, HBL-100, MDAMB-231, and MDAMB-468 cells were assessed for percentage of cell migration using unidirectional wound healing assay for 0 and 24 h; F, graphical representation of the percentage of cell migration in control/SMAR1 shRNA-transfected MCF-7 and HBL-100 cells respectively (upper two panels; expression levels of SMAR1 in control/SMAR1 shRNA-transfected MCF-7 and HBL-100 cells in inset) and in control and SMAR1 overexpressed MDAMB-231 and MDAMB-468 cells (lower two panels; expression levels of SMAR1 in control/SMAR1 cDNA-transfected MDAMB-231 and MDAMB-468 cells in inset) using wound healing assay and transwell migration assay, respectively; **, p Ͻ 0.01, and ***, p Ͻ 0.001 compared with no transfection. ␣-actin was used as internal control. Values are mean Ϯ S.E. of three independent experiments in each case.
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levels of SMAR1, furnished a relatively higher rate of migration when compared with MCF-7 and HBL-100 cells with a higher SMAR1 expression ( Fig. 1B, left and right panel) . Further analysis revealed that the average distance migrated by low SMAR1expressing (MDAMB-231 and MDAMB-468) cells was ϳ1.8fold higher than that of high SMAR1-expressing (MCF-7 and HBL-100) cells (Fig. 1C ). The correlation graph as shown in Fig.  1D also validated the above finding that the rate of breast carcinoma cell migration is inversely correlated with SMAR1 expression (Fig. 1D ). These results indicate that SMAR1 expression status might play an important role in regulating the in vitro motility of breast cancer cells.
Next, to confirm the above findings, we genetically manipulated SMAR1 in an array of breast cancer cell lines and verified their migration efficiency. Our results showed that the over expression of SMAR1 declined the migratory potential of the transfectants, though the effect was more pronounced in MDAMB-231 and MDAMB-468 cells ( Fig. 1 , E, lower two panels and F, lower panel) than in MCF-7 and HBL-100 cells (Fig.  1E, upper two panels) . In contrast, down-regulating SMAR1 by SMAR1 shRNA enhanced the migration efficiency, both by unidirectional wound-healing assay as well as transwell migration assay techniques, of MCF-7 and HBL-100 cells (Fig. 1F , upper panel) but not of MDAMB-231 and MDAMB-468 cells (data not shown) since the basal expression of SMAR1 was very low in these cell lines. These findings elucidating that SMAR1 plays a major role in inhibiting breast cancer cell migration, further tempted us to delineate the complete mechanism underlying such anti-migration effect of this tumor suppressor protein.
Retardation of Breast Cancer Cell Migration by SMAR1 Is Associated with an Up-regulation of E-cadherin Expression-It is well acknowledged that expression of E-cadherin protein is a typical characteristic feature of epithelial cells; consequently, E-cadherin status is normally decreased during EMT (5) . As Singh et al. (21) have previously shown that SMAR1 decreases the migratory potential of breast cancer cells; we next attempted to verify whether SMAR1 expression has any effect on EMT phenotype of breast cancer cells. Phase contrast images revealed that SMAR1-depleted MCF-7 cells gained the mesenchymal phenotype ( Fig. 2A ) Next we attempted to find out the correlation between the expression status of SMAR1 and E-cadherin as well as other EMT markers. Our findings revealed that in comparison to MDAMB-231 and MDAMB-468 cells, in MCF-7 and HBL-100 cells expression levels of epithelial markers, E-cadherin and cytokeratin 18, were significantly high, while the expression level of the mesenchymal marker, vimentin, was significantly low (Fig. 2B, left panel) . Interestingly, overexpression of SMAR1 in both MCF-7 and MDAMB-231 cells up-regulated E-cadherin at both protein and mRNA levels (Fig. 2, B right panel, and E, left and right  panels) . In line with these findings, expression of another epithelial marker cytokeratin 18 was increased and mesenchymal marker, vimentin, was decreased in SMAR1-overexpresed MCF-7 and MDAMB-231 cells (Fig. 2B, right panel) . Enhancement in E-cadherin expression in these transfectants was reconfirmed by confocal microscopy (Fig. 2D ) as well as flow cytometry (Fig. 2F) . Conversely, silencing SMAR1 by SMAR1 shRNA down-regulated E-cadherin expression at both mRNA and protein levels in MCF-7 cells although MDAMB-231 cells with low basal levels of both these proteins failed to furnish much significant change ( Fig. 2E ). All these findings together strongly reiterated the specificity of SMAR1 in regulating the expression of E-cadherin thereby controlling the migration of breast carcinoma cells. At this juncture, since E-cadherin protein was increased in SMAR1 overexpressed transfectants, the question arises as to how SMAR1regulates E-cadherin. To get to the answer, two possibilities were considered: (i) SMAR1 may hinder E-cadherin degradation, and/or (ii) may up-regulate E-cadherin expression.
Interaction of SMAR1 with MDM2 Regulates the Degradation of E-cadherin-It is known that MDM2, the E3 ligase, regulates the degradation of E-cadherin through ubiquitination (12) . We, therefore, next investigated whether E-cadherin ubiquitination and subsequent degradation were altered by SMAR1 in order to regulate the E-cadherin expression levels. Our co-immunoprecipitation experiment in the presence of proteosome inhibitor, MG132, revealed significant up-regulation in ubiquitination of E-cadherin in SMAR1-silenced MCF-7 cells compared with non-transfected-/control vector-transfected cells (Fig. 3A) . However, SMAR1-silenced MDAMB-231 cells failed to manifest such significant changes in E-cadherin degradation when compared with non-transfected-/control vector-transfected cells (Fig. 3A) . On the other hand, SMAR1 overexpression resulted in reduced E-cadherin ubiquitination as compared with non-transfected-/control vector-transfected cells, and the total protein levels were also increased significantly in both the cell lines (Fig. 3A ). In accordance with the above-mentioned findings we also checked the turnover of E-cadherin protein up on SMAR1 modulation in the presence of cycloheximide. Our results revealed more rapid turnover of E-cadherin protein in MDAMB-231 cells in comparison to that of the MCF-7 cells (Fig. 3B ). Further findings showed that while knocking down of SMAR1 by SMAR1 shRNA enhanced E-cadherin turnover in MCF-7 cells (Fig. 3B ), overexpression of SMAR1 cDNA reduced the turnover in MDAMB-231 cells (Fig. 3B) . These results signify the importance of SMAR1 in stabilization of E-cadherin protein. It may not be out of context to mention here that the basal MDM2 expression level was higher in MDAMB-231 cells than MCF-7 cells (Fig. 3C) , which is in accordance with previous reports that mutated p53 stabilizes MDM2 protein (22) . As it is well established that MDM2 interacts with E-cadherin endogenously leading to its degradation (12) , in MDAMB-231 cells, E-cadherin degradation was also found to be more than MCF-7 cells (Fig. 3C ). Interestingly, MDM2 expression level was not affected by gene manipulation of SMAR1 in both the cell lines (Fig. 3C) . We, therefore, next examined whether SMAR1 has any effect in this E-cadherin-MDM2 interaction. Decreased interaction of MDM2 with E-cadherin was observed by co-immunoprecipitation followed by Western blotting in both MCF-7 and MDAMB-231 cells transfected with SMAR1 cDNA (Fig. 3D, left panel) , whereas increased E-cadherin-MDM2 interaction was found in SMAR1-knock-out cells (Fig. 3D, left panel) . These results thereby indicate that SMAR1 possibly interferes with the interaction between endogenous E-cadherin with MDM2.
Our attempt to explore the mechanism through which SMAR1 interferes with MDM2-mediated degradation of E-cadherin revealed significant elevation in the interaction between SMAR1 and MDM2 in SMAR1-overexpressed cells (Fig. 3D, left panel) in comparison with that of control cells. Further studies showed that although SMAR1 was distributed both in the cytosol and nucleus, its interaction with MDM2 was found mainly in the cytosol of control MCF-7 as well as SMAR1-overexpressed MCF-7 and MDAMB-231 cells (Fig.  3D, right panel) . These results tempted us to hypothesize that enhanced interaction between SMAR1 and MDM2 might allow E-cadherin stabilization by decreasing E-cadherin-MDM2 interaction. Consecutively, in another set of experiment, transfection of both the cell lines with MDM2-siRNA or application of MG132, a potent proteosomal inhibitor, resulted in up-regulation of E-cadherin protein (Fig. 3E) . Interestingly, SMAR1 cDNA transfectants also manifested much higher expression of E-cadherin than MDM2-siRNA transfectants or cells treated with MG132 in both the cell lines (Fig. 3E ). In accordance with the above findings the percentage of cell migration as assessed from the transwell migration assay was also found to be significantly lower in the SMAR1 cDNA transfectants than those transfected with MDM2 siRNA (Fig. 3F ). Further studies were performed to understand the effect of MDM2 on E-cadherin ubiquitination. Results of Fig. 3G depict significant decrease in E-cadherin ubiquitination in MDM2-depeted or SMAR1-cDNA-transfected MCF-7 and MDAMB-231 cells with simultaneous increase in E-cadherin protein level. However, SMAR1 overexpressed cells were more efficient in increasing E-cadherin protein level than MDM2-ablated ones (Fig. 3G ). Therefore, these results point toward an additional role of SMAR1 in regulating E-cadherin expression apart from blocking its degradation by binding with MDM2.
SMAR1 Regulates E-cadherin Transcription by Modulating the Expression of Its Transcriptional Repressor, Slug-Accumulating evidence suggests that both Snail and its family member
Slug repress E-cadherin in epithelial cells via E-box elements in the proximal E-cadherin promoter (10) . However, expression of Slug, a zinc finger transcription factor, furnished much stronger correlation with E-cadherin repression in breast cancer cell lines than Snail, thereby suggesting the dominance of Slug as an in vivo repressor of E-cadherin in breast carcinoma. We, therefore, next aimed at exploring whether SMAR1 regulates Slug expression to modulate the expression of E-cadherin in the breast carcinoma cell lines. Interestingly, in both MCF-7 and MDAMB 231 cell lines, expression of Slug both at mRNA and protein levels was significantly reduced with increasing dose of SMAR1-cDNA transfection following a concomitant rise in E-cadherin expression (Fig. 4A) . These results indicate that SMAR1 is critically involved in controlling the transcrip- 
E-cadherin was immunoprecipitated from cell lysates with anti-Ecadherin antibody and immunoblotted with anti-MDM2 and anti-E-cadherin antibodies (two left upper panels);
In a parallel experiment SMAR1 associated MDM2 was also detected from anti-SMAR1 purified immune complex by Western blotting in the above-mentioned sets. SMAR1 was immunoprecipitated from cell lysates with anti-SMAR1 antibody and immunoblotted with anti-MDM2 and anti-SMAR1 antibodies (two left middle panels). Comparable protein input was determined by direct Western blotting with anti-␣-actin using 20% of the cell lysates that were used for immunoprecipitation (two left lower panels). In a parallel set of experiment, localization and interaction of SMAR1 and MDM2 was determined in the nuclear and cytosolic extracts of control and SMAR1-overexpressed MCF-7 and MDAMB-231 cells. Extracts were incubated with anti-SMAR1 antibody and immunoprecipitates were immunoblotted with anti-MDM2 antibody (right panels). E, expression level of E-cadherin as assessed by immunoblotting in MDM2 siRNA transfected/MG132 treated/SMAR1 cDNA transfected/SMAR1 shRNA transfected MCF-7 and MDAMB-231 cells. F, in a parallel experiment the percentage of cell migration was also determined using transwell migration assay in the above- tion of the Slug gene. However, when Slug cDNA was transfected in SMAR1-overexpressed MCF-7 and MDAMB-231 cells, SMAR1 overexpression could not alter Slug expression both at transcription as well as translational level (Fig. 4B ) thereby resulting in down-regulation of E-cadherin expression in these double transfectants (Fig. 4B) . These apparently oppos-ing results in fact tempted us to hypothesize that SMAR1, being a well known transcriptional repressor of different genes (23), might inhibit Slug expression in wild type cells by binding to the MARs at Slug promoter locus thereby repressing its transcription, while in synthetic Slug cDNA-transfected cells, SMAR1 is failing to bind to Slug promoter locus due to the change in their 
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promoter sequences. Overexpression of Slug in the SMAR1silenced cells also resulted in Slug up-regulation with low E-cadherin expression both at mRNA and protein levels (Fig.  4B) . Interestingly, the percent migration of both MCF-7 and MDAMB-231 cells increased prominently on Slug overexpression in even the stable SMAR1cDNA-transfected cells (Fig. 4C) . Consistently, the change in the migration of MCF-7 cells with respect to the control cells was considerably higher than that of MDAMB-231 cells up on SMAR1 knock down (Fig. 4C ). All these findings described so far clearly highlight the importance of SMAR1 in regulating Slug gene transcription and thereby E-cadherin expression in breast carcinoma cells.
At this juncture, we explored the role of p53 in SMAR1induced regulation of E-cadherin expression and cell migration. Our results depicted that p53-silencing significantly down-regulated SMAR1 expression with up-regulation of Slug and decline in E-cadherin ( Fig. 4D, left panel) . In line with this, cell migration was also elevated in these transfectants (Fig. 4D,  right panel) . Interestingly, when SMAR1 was overexpressed in these p53-depleted cells, repression in Slug expression with a rise in E-cadherin expression levels (Fig. 4D, left panel) and a significant decline in the migratory status of the cells (Fig. 4D,  right panel) were observed. Results of all these experiments together indicate that although the expression of SMAR1 is p53-dependent, the anti-migratory function of SMAR1 is independent of p53.
Furthermore, when Slug siRNA-transfected cells were cotransfected with MDM2-siRNA, the experimental conditions totally mimicked the situation of SMAR1 overexpression, i.e. high E-cadherin expression and low migratory ability (Fig. 4, E  and F) . These observations further strengthened our hypothesis that SMAR1 plays a dual role in regulating E-cadherin expression both at protein and at transcription levels.
SMAR1 in Association with HDAC1 Binds to MAR on Slug Promoter Locus and Regulates Its Transcriptional Activity-Recent reports on negative regulation of different gene transcription revealed recruitment of HDAC1 on the specific gene promoter (20) . Therefore, we examined if down-regulation of the slug expression by SMAR1 occurs by recruitment of corepressor molecules like HDACs to its promoter. To get insights into SMAR1-mediated repression, firstly we studied the association of SMAR1 with specific HDACs. To analyze whether SMAR1 directly interacts with HDAC1, co-immunoprecipitation studies were performed using lysates of endogenous as well as SMAR1 overexpressed or silenced MCF7, MDAMB-231 cell lines. As shown in Fig. 5A , SMAR1-immunoprecipitated control samples showed the presence of HDAC1 in MCF7 cell lysate whereas in MDAMB231 lysate association between the two proteins were negligible as SMAR1 expression was not significantly detected in the immunoprecipitated sample. As expected, immunoprecipitates from SMAR1-overexpressed samples of both the cell lines revealed significantly higher association of HDAC1 with SMAR1 whereas the association between the two proteins was found to be decreased on depleting SMAR1 by shRNA in the immunoprecipitate of MCF7 lysate (Fig. 5A) . These results firmly signify that SMAR1 is associated with the HDAC1 in breast cancer cells.
To resolve whether the Slug gene is the direct transcriptional target for SMAR1, we scrutinized the binding of SMAR1 on the human Slug promoter in vitro. SMAR1 has been shown to regulate transcription through binding to MARs (23) that are ATrich cis-acting regulatory elements flanking various promoters and enhancers. Software analysis predicted more than one potential 100 -200 bp MAR binding sites on Slug promoter (Fig. 5B) . To validate the importance of MAR in the Slug promoter for SMAR1-mediated repression, luciferase reporter assay was performed in MCF-7 cells using full-length Slug promoter. Reporter assays showed that upon SMAR1 overexpression in both MCF-7 and MDAMB-231 cells, there was a 3-4fold decrease in relative luciferase activity of the Slug promoter in MCF-7 cells whereas 4 -5-fold decrease in MDAMB-231 cells (Fig. 5B ). On the other hand, knocking-down of SMAR1 increased the relative activity up to 2-fold, specifically in MCF-7 cells (Fig. 5B) . Further, SMAR1-downregulated MDAMB-231 cells did not result in any significant change in the relative luciferase activity compared with control cDNA-or shRNA-transfected cells (Fig. 5B) .
Earlier Rampalli et al. (20) have demonstrated that SMAR1 mediates cyclin D1 repression by recruitment of the SIN3/histone deacetylase 1 complex. Therefore, to understand whether such interactions are prevailing in case of Slug repression, chromatin immunoprecipitation (CHIP) assay was performed with both MCF-7 and MDAMB-231 cells using SMAR1 and HDAC1 antibodies. Different sets of overlapping primers of the predicted mar binding sites were designed and CHIP assays were performed with each set of primers to locate the binding site of SMAR1 on Slug promoter (data not shown). As depicted in Fig.  5C , recruitment of both SMAR1 and HDAC1 was observed in the Ϫ50 to Ϫ160 bp region upstream of the Slug gene in both the cell lines under normal and SMAR1-overexpressed conditions, suggesting the occupancy of the Slug promoter by SMAR1. In parallel set of CHIP assay, no amplification of the specific region from immunoprecipitated DNA was obtained in SMAR1-silenced cells while significant SMAR1 occupancy along with HDAC1 was detected in SMAR1-overexpressed MCF-7 and MDAMB-231 cells (Fig. 5C ). These results validated the direct recruitment of SMAR1/HDAC1 complex on Slug promoter sequence for executing the repressive effects.
SMAR1 Also Inhibits EGF-mediated Slug Up-regulation to Restore E-cadherin Expression and Regulate Cell Migration-Activation of epidermal growth factor receptor (EGFR)-induced signaling pathway has been correlated with cancer metastasis in various tumors, including breast carcinoma (24) . According to the previous reports, exposure of different mammary epithelial cells to epidermal growth factor (EGF) resulted in morphological alterations characteristic of epithelial-tomesenchymal transition (EMT) (25) . EGF treatment has also been shown to result in increased motility along with an up-regulation of transcription factor Slug, which thereby decreases the expression of E-cadherin (26) . We, therefore, used EGF as a metastatic inducer to explore whether SMAR1 also interferes with the EGF-induced up-regulation of Slug to restore the E-cadherin expression in breast carcinoma cells. Interestingly, our findings revealed that SMAR1 overexpression blocked even EGF-dependent up-regulation of Slug in both the MCF-7 and SMAR1 Up-regulates E-cadherin to Inhibit EMT SEPTEMBER 12, 2014 • VOLUME 289 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 25439 MDAMB-231 cells (Fig. 6A) thereby increasing E-cadherin in both the cells (Fig. 6A ). In fact, in the presence of recombinant EGF or TGF␤, two important mediators of EMT, tyrosine phosphorylation of EGFR1 and serine phosphorylation of TGF␤R1 were significantly increased keeping SMAR1 expression significantly low in both the cells that underwent EMT under these conditions (Fig. 6B, left and right panels) . Our findings were further reinstated from the confocal microscopic analysis which revealed elevated surface expression of E-cadherin in SMAR1-overexpressed MCF-7 and MDAMB-231 cells even in the presence of EGF (Fig. 6C) . Such elevation of E-cadherin levels turned down the migratory efficiency of both these cell lines significantly even in the presence of EGF (Fig. 6D) .
Validation of Role of SMAR1 in Breast Cancer Cell Metastasis in SCID Mice Model-In an attempt to validate the role of SMAR1 in regulating breast cancer metastasis, we next assessed the metastatic propensity of MCF-7-Luc cells that were trans-duced with either non-silencing lentivirus or SMAR1-shRNA lentivirus in SCID mice model. Our results revealed prominent bioluminescence at time 0, i.e. immediately after inoculation of the Lenti-NS-shRNA- (Fig. 6E, upper left panel) and Lenti-SMAR1-shRNA-transfected ( Fig. 6E, upper right panel) MCF-7 cells, in the lungs of the animals. However, at day 21, the signal disappeared from the lungs of both the sets of mice with appearance of prominent luminescence in the bones of the mice injected with SMAR1-ablated MCF-7-Luc cells thereby confirming bone metastasis (Fig. 6E, lower right panel) . Interestingly, no significant luminescence was detected in the mice injected with non-silencing counterpart (Fig. 6E, lower left  panel) . Average radiance of regions of interest at time 0 and day 21 of the mice injected with Lenti-NS-shRNA-and Lenti-SMAR1-shRNA-transfected MCF-7 cells was graphically represented (Fig. 6F) . These in vivo results validate the role of SMAR1 in regulating the metastatic potential of breast cancer cells. All the above-described results cumulatively signify that SMAR1 plays a dual role in regulating E-cadherin, the gatekeeper of EMT, thereby altering the migratory potential of breast carcinoma cells (Fig. 7 ).
DISCUSSION
Tumors are often viewed as corrupt forms of normal developmental process. Indeed genes that are important for the normal developmental process are often found to be major culprits in cancer. Thus genes implicated in EMT during embryogenesis are turning up one after the other in tumorigenesis (27) . EMT therefore provides a new basis for understanding the progression of carcinoma toward de-differentiated and more malignant stages. During the execution of the EMT program many genes involved in cell adhesion, migration and invasion are transcriptionally altered. One of the most important one is E-cadherin. Since E-cadherin functions as a key gatekeeper of the epithelial state, the partial loss of E-cadherin has been associated with carcinoma progression and poor prognosis in various human and mouse tumors (12) . Thus evaluation of the molecular mechanisms involved in regulation of E-cadherin expression might be a critical step in controlling EMT.
Our present study has been mainly focused on the regulation of the expression of E-cadherin by the tumor suppressor SMAR1 to control EMT. Since SMAR1 has been previously reported to regress tumor growth (21), we were interested in investigating its role, if any, in regulation of EMT by altering E-cadherin expression in breast carcinoma cells. Our results implicate that overexpression of SMAR1 in both MCF-7 and MDAMB-231 cell lines enhanced their E-cadherin expression, which was also conjointly associated with a loss in the migratory potential of these cells. Furthermore, it was also found that knock-down of SMAR1 enhanced their invasive potential substantially. Thus we presumed that a complex mechanism is exhibited by SMAR1 in regulating E-cadherin expression in breast carcinoma cells.
It is well acknowledged that p53 is a potent transcription factor of SMAR1 (20, 34) and during drug-induced DNA damage, acetylated p53 is recruited on SMAR1 promoter that allows activation of its transcription (21) . However, the report of Singh et al. (21) also demonstrated p53-independent anti-migratory and anti-invasive effects of SMAR1 through down-regulation of TGF␤ signaling (21) . Our results also depicted that although the expression of SMAR1 is p53-dependent, the anti-migratory function of SMAR1 is independent of p53. These findings have relation to our results indicating that in mutant p53-expressing MDA-MB-231 cells, SMAR1 overexpression significantly down-regulated Slug thereby up-regulating E-cadherin and inhibiting cell migration.
Expression of E-cadherin is regulated at several levels including transcriptional and post-transcriptional modulation (28) . It has also been acknowledged that the E3 ligase MDM2 is involved in the degradation of E-cadherin (12) . MDM2 is an oncogene that is amplified or overexpressed in most human cancers (29) . MDM2 triggers the ubiquitination of E-cadherin in vivo, leading to the down-regulation of E-cadherin mediated cell-to-cell contacts (12) . Our results suggest that SMAR1 overexpression in MCF-7 and MDAMB-231 cells declined the MDM2-mediated ubiqutination and degradation of E-cadherin. In coalesce with previous reports we found that SMAR1 acts as a mediator, which directly interacts with MDM2 thereby stabilizing E-cadherin protein levels in the cell. Interestingly, the role of SMAR1 in regulating E-cadherin expression is not only limited to blocking E-cadherin degradation, but also extended in controlling the transcription of E-cadherin. It is known that transcription of E-cadherin is directly regulated by methylation and repression of promoter activity. During carci- 
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nogenesis, methylation of the E-cadherin promoter is associated with reduced E-cadherin expression, disease progression, and metastasis (30) . Transcription of E-cadherin is also regulated by zinc finger proteins of the Slug/Snail family and Smadinteracting protein (31) (32) (33) . SMAR1 was found to suppress cancer cell invasion by regulating the transcription of Slug. Slug expression remained potentially down-regulated in SMAR1 overexpressed cells with simultaneous elevation in E-cadherin levels and decrease in migratory potential of the cells. Furthermore, it has been clearly demonstrated from our luciferase and CHIP analysis data that SMAR1 actually binds to the Slug promoter at a potent 110 bp region between Ϫ50 to Ϫ160 bp upstream of the gene to bring about its transcriptional repression. It is acknowledged that MAR-binding proteins act as transcriptional switches because of their intrinsic ability to interact with both classes of chromatin-modifying enzymes, histone acetyltransferases and HDACs. SMAR1 is a DNA-binding protein, and the major mechanism by which it exhibits its repressor function is by recruitment of HDAC1 (34 -36) . In agreement with this, we found SMAR1 directly regulated Slug transcription through recruitment of HDAC1 repressor complex.
EGF is an important pro-inflammatory cytokine that promotes tumor cell migration and invasion (37, 38) in the tumor microenvironment through activation of different target genes like Slug, matrix metalloproteinases, and vascular endothelial growth factor (26) . Reports indicate that in breast cancer cells EMT can be induced by EGF (39) . Hindering the action of EGF is, therefore, an obvious strategy to regulate cancer progression. In this study we have also shown that breast carcinoma cells can be induced to undergo EMT by EGF and that SMAR1 overexpression could interfere with such pro-migratory program of EGF. In fact, SMAR1 not only restored a complete epithelial phenotype in mesenchymal cells but also completely blocked EGF-induced EMT. A detail insight into this effect of SMAR1 disclosed that SMAR1 interferes with EGF-induced Slug upregulation to restore back E-cadherin expression in breast carcinoma cells to control EMT process. SMAR1 therefore, plays a dual role in rescuing E-cadherin from the claws of both MDM2 and Slug thereby substantially regressing breast carcinoma cell migration. In addition, bone metastasis of SMAR1-ablated MCF-7 cells further validated the contribution of SMAR1 in regulating breast cancer metastasis.
In conclusion, our data provide direct evidence that the tumor suppressor SMAR1 acts as a double-edged sword by increasing E-cadherin transcription in one hand and decreasing its degradation on the other. This concerted action of SMAR1 plays a vital role in maintaining the E-cadherin status of cells which in turn regulates the metastatic potential of these carcinoma cells. Our findings provide novel insight into the molecular mechanisms of SMAR1-induced activation of E-cadherin leading to repression of breast carcinoma cell metastasis.
